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The properties of ammonium perchlorate have made it the  oxidizer of choice 
f o r  composite s c l i d  propellants for  the past  20 years. I ts  a b i l i t y  t o  produce 
propellant comFositions w i t h  high f lane tenperatures and densi t ies  has made it 
extremely u s e a l  t o  the missile propulsion industry. 
possible t o  convert t h i s  versa t i le  oxidizer t o  another n i s s i l c  S ; J S ~ U J  application, 
tha t  of wdm gcs Generator p r o p e l l a t s .  

I 
Recently, it has become 

I 

I Werm gas Cenerztor propellants are required f o r  driviw turbine-alternator 
I systems f o r  e l e c t r i c a l  power generation, f o r  actuating jet-controlled a t t i t u d e  

control system, and f o r  propellin(; torpedo propulsion units. Despite the 
advantages or' m.ioniun perchlorate, it has been d i f f i c u l t  t o  u t i l i z e  it i n  these 
applications, because of the inherently high flame temperature (b500° t o  55OOOF) 
of propellants 'Jased on it. 
warn gas cenerator systems, the  flame temperatures of these propellants a re  
l imited t o  values i n  the region of 2200' t o  2300OF. 

Because of the materials of construction used i n  

In propellant technology, rechction of flame temperature i s  most conveniently 
obtained by r c d u c i x  the  oxidizer t o   el (G/ /F)  r a t i o  t o  a v e r j  1011 value, so t h a t  
the conposition is extremely f i e 1  rich. 
temperature versus the  weight percent of llH4Cl04 f o r  a mixture of ammonium 
perchlorate ani 2 Q-pical l o w  oxygen content, high fue l  content polymeric hydro- 
carbon binder. Although aluminum powder i s  normally used as a f u e l  component i n  
so l id  propellants, it has been omitted for  two reasons: it increases flame 
temperature t o  still  hi&er (and undesirzble) values, while producing so l id  
A1203 par t ic les  as ul eyhaust component. For most gas generator systems, the 
presence of sol id  per t ic les  i n  the coalrustion products is extremely undesirable 
because of the r e s u l t v l t  clogging and erosion of the metall ic portions of the 
system. 

I n  Figure 1 a plot  is shown of flame 

I Emuination of  Figure 1 shows t h a t  the gradual reduction of the IIHqClOq 
1, 
! 

content from 9q: t o  7% reduces the flame temperature from 5000'F down t o  the , 
desired level  of 22009, simply by great ly  reducing the  oxidation r a t i o  of the 
system. Tne oxidation r a t i o  decreases from 4.33 down t o  1.15 f o r  these two 

9 compositions, vhere oxidation r a t i o  i s  defined as:  

co Atoms 
Oxidation Ratio = 

CC Atoms + 3 Df Atoms A) 

Unfortunately, t h i s  reduction . resu l t s  i n  undesirably hi& levels  of solid 
carbon i n  the coxxistion products vhen. these a re  exhausted t o  the ztmosphere. 
% i s  can be seen i n  Table 1, where the level f o r  the hi& f u e l  content binder is  
6.455 so l id  crr2cn by weight. iJo carbon is found i n  the combustion chamber at 
1000 psia, but e q m i o n  of the gases t o  14.7 psia  resu l t s  i n  copious quant i t ies  
of >lack snolre . 

wo methods are 'appl icable  t o  the solution of this problem. The first of these 
involves subst i tut ion o$ much higher-oir.gen content binders f o r  t h e  polymeric fuel .  
I n  Figure 1 and Table I the resu l t s  of subst i tut ing highly oxygenated polyester . 
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polymers fo r  t h e  conventional fue l  can be seen. 
polyester based on diethylene a y c o l  and sd ip ic  acid,  w i t h  an o w e n  content o f  
37.odp r e s u l t s  i n  almost a 50$ reduction i n  so l id  carbon i n  the  exhaust. The req- 
u i red  mount o f  IfH4ClO1 ox id izer  f o r  a 220OoF temperature i s  reduced to approxi- 
mately 66. For a 42.d$ oxygen content binder, t he  w u n t  of oxidizer fo r  gener- 
a t ion  of 2200°F is  reduced s t i l l  fur ther ,  t o  approximately 58%. Since one of the 
combustion products resu l t ingf romthe  use of NH4ClO4 i s  Ha, with its consequent 
e ros iv i ty  of cer ta in  metals of construction, these reductions i n  oxidizer content 
a r e  qui te  desirable,  since they r e s u l t  i n  corresponding reductions i n  H C l  content. 

Use of a carboxy-termhated 

The second nethod of lowering flame temperature involves the addition of a 
t h i r d  component t o  t i e  system t h a t  i s  as low i n  energy content as possible and 
t h a t  has a? i n t e r n a l  oxidation r a t i o  close t o  1.0. Compounds with these high ' 

negative heats of formation and balanced stoichiometry a re  ap t ly  designated as 
"coolants", since they are both poor fue l s  and poor oxidizers. 
l'ist of compounds of t h i s  type is  shown i n  Table 11. The oxidizers, ammonium 
perchlorate and ammonium n i t r a t e ,  are included fo r  comparison. 

A representative 

For each compound, t he  empirical formula, density, oxidation r a t i o ,  and heat 
of f o m t i o n  i n  k i loca lor ies  per  gram are  given. 
systems mt be e f f i c i en t ly  packaged, high density values axe desirable. 
advantGe of possessing an oxidation r a t i o  close t o  1.0 has already been pointed 
out. 
pos i t i ve  heat:' of formation, it i s  desirable t h a t  the value f o r  
l a r g e  a negative nunber as possible,  i n  order t o  produce low flame temperatures. 

Because warm gas generating 
The 

Fina l ly ,  since high flame temperatures r e s u l t  from e i the r  l o w  negative o r  
&/M be as 

Exanination of t i e  compounds i n  Table II shows materials ranging from low 
oxidation r a t i o  fuel-l ike compounds such a s  oxamide and azodicarbonanide, t o  more 
evenly b i l x c e d  materials such as armnonium oxalate hydrate, oxalohydroxamic acid, 
and hydroxylamonium oxalate. Ammonium dihydrogen phosphate theore t ica l ly  appears 
t o  be zr~ os id izcr ,  l i k e  arsnoniurn nitrate, and ammonium perchlorate; however, i n  
a c t a i t y  it serves only as a coolant, since the  phosphate portion of t he  molecule 
i s  extrenely s tab le  a t  elevated temperatures, and i s  not a source o f  oxygen, u n l i k e  
t h e  n i t r a t e  and perchlorate s t ruc tures .  

As might b e  expected, t h e  compounds i n  t h e  middle of the  l i s t  a r e  t h e  most 
des i rab le  end useful corlants;  i n  par t icu lar ,  oxalohydroxamic acid ( a l s o  some- 
times r e fe r r ed  t o  as dihydroxyglyoxime-DHG) is  of par t icu lar  i n t e re s t .  
density,  bzlanced stoichiometry and negative heat of formation a re  of importance, 
i n  t h i s  regard. 

I ts  high 

Table I11 points out s t i l l  another important fac tor  i n  the  se lec t ion  of an 
e f f ec t ive  coolant..  A good coolant i s  thermally s tab le ,  bu t  not too s tab le .  
0xalohydrom.nic acid i s  qu i t e  s a t i s f ac to ry  i n  t h i s  respect,  sharing no endotherm 
o r  exotherm i n  d i f f e ren t i a l  thermal analysis below 300°F, but it completely fumes 
o f f  at t h e  s l i g h t l y  higher temperature of 338OF (dec.). Its arrrmonium salt ,  on the  
other hand, exhibits i t s  f i r s t  exotherm at  a lower temperature than 30O0F, but it 
i s  not completely decomposed u n t i l  400°F i s  reached. The other coolants shown are 
mre s t ab le  in  e thermal sense, but t h i s  fYequently means t h a t  the amounts t h a t  can 
be added t o  a propellant formulation a re  l imi ted  to low levels because of d i f f i cu l ty  
i n  achieving combustion. 

The e f f e c t  of adding various aJmunts of coolant to typ ica l  warm gas generator 
propel lan t  compositions is shown i n  F igure  2. 
l a r g e r  amounts of oxalohydroxamic acid (DEG) are  required t o  reduce t h e  flame 
temperature of the 4% oxygen content binder t o  the  2200'F level then f a r  the 3'7% 
oxygen content binder. 
oxalate makes it possible t o  reach the  22000F level with even less coolant. 

A t  the same binder content of 26.58, 

!!&e m r e  negative hea t  of formation of hydroxylanrmonium 
The 



67. 

overall  effectiveness of these coolants i s  real ized when the flame temperatures 
of the same compositions without coolant a r e  compared, for  these a re  4250°F and 
39OOor', respectively,  f o r  the  42$ and 37dp oxygen binders. 
o x d a t e  (HAO) i s  e s p e c i a y  effect ive i n  improving the cleanliness of the exhaust 
for  only 22$ of t h i s  coolant produces a 2278'F flame temperature with no so l id  
carbon i n  the ex!aust products. 

Hydroq4ammonium 

In  eddition t o  t h e  foregoing methods of reducing carbon i n  the exhaust 
products, it is a l s o  possible t o  e f fec t  a reduction by reducing the pressure at 
vhich t h e  combustion reaction is  carried out. An indicatior! of the  extent of 
t h i s  Pactor can be seen in  Figure 3, where the weight percent of s o l i d  carbon 
formed i n  t i e  Exhaust i s  plot ted as a function of the combustion pressure for  a 
s ingle  composition over the pressure range of 100 ps ia  t o  20,000 psia.  
psia ,  tile carbon content of the exhaust i s  over 5% by weight, while at pressures 
below 500 psia,  C$ carbon resu l t s .  
x i t i  the v d u e  of 2374OP fo r  the 20,000 ps ia  l e v e l  decreasing t o  2058OP a t  100 psia. 

I n  nddition t o  the  formation of so l id  carbon, it i s  &so possible for  m n i u m  

A t  20,000 

A reduction i n  f l m e  temperature a l so  resu l t s ,  

chloride t o  condense i n  so l id  c r y s t a l i n e  par t ic les  during the  reduction o f  flame 
temperature resul t in& from expansion of the combustion gases through a nozzle or 
turbine system. 
f o r m t i o n  of HC1 as  one of the combustion products; t h i s  in  turn reac ts  with t races  
of IJH3 i n  the c o q o s i t i o n  products t o  form i Q C l  when the temperature or  the system 
f a l l s  below the value a t  which the vapor pres,sure of m4C1 i s  equal t o  the pressure 
of the -system. 
Sholm in  ?i@re h .  
sol id  iSiilkC1 T i i l l  not form; when e i ther  the temperaturc or the pressure or both a-e 
reduced suf f ic ien t ly  t o  r"c4.l bdOT<7 the l i n e ,  formation of s o l i d  par t ic les  w i l l  occur. 
In  gcncral, the  higher the pressure in  the system, the l e s s  l i k e l y  it i s  t h a t  NHbCL 
x i l l  deposi t  on cold v a l l s  o r  surfaces i n  the  system. 

'ine presence of chlorine i n  the  ammonium perchlorate leads t o  the 

A p lo t  of the vapor pressure - temperature re la t ionship for  NH4Cl is 
I f  tine tenperature and pressure of the system fa l l  above the l i n e ,  

Another problem resu l t ing  from the presence of HCl i n  the conbustion products 
i s  the reaction o f  snail amounts of t h i s  acid with the metall ic materials of con- 
s t ruct ion in  systems using w a r m  gas generators of t h i s  type. The metal chlorides 
formed i'rom these reactions m e  undesirable f o r  two reasons: changes i n  the 
dkensions of the attacked metal surfaces r e s u l t  from a vola t i l i za t ion  of the 
cnlorides,  and l a t e r  on deposit ion'of metal chloride par t ic les  can occur i n  unwanted 
locat ions as t i e  temperature of tne gas i s  reduced. , 

Tzble IV show the  deposition temperature (melting point)  for  several of these 
metall ic cklorides a t  a pressure of 1000 p s i a  (68.05 atmospheres). 
&aged  in  order of increasing v o l a t i l i t y .  
faces of nost of these metals is  extremely slow, as shown by the  da ta  on loss ra te ,  
the  amunts of the chlorides formed are  s t i l l  of concern in  some applications. The 
use of carbon s t e e l  i s  undesirable, but  some s ta in less  s t e e l s  are sat isfactory 'due 
t o  the  protective action or' chromium and nickel. 
r e s u l t s  In good erosion resis tance and v o l a t i l e  chlorides for  the react ion products. 

F i n u y ,  it should be pointed out t h a t  a general correlat ion e x i s t s  for  a great  

They are  
Although the  r a t e  of erosion of sur- 

The use of molybdenum and i t s  alloys 

m y  of the specif ic  compositions described i n  t h i s  paper between theore t ica l  flame 
temperature and $ so l id  carbon i n  the exhaust. This can be seen i n  Figure 5 ,  for  
w i t h  a few exceptions, all of the conpositions previously discussed faU within a 
s ingle  b a d .  Above a flame temperature of approximately 2550°F, no carbon forms; 
while bcQ0-d this  temperature the amount formed is inversely re la ted  t o  the temperature. 

! 
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In summary, two general methods of obtaining low flame temperat&e p r o p a a n t  
compositions have been described t h a t  do not r e s u l t  i n  the production of la rge  (aver 
6 $ )  quant i t ies  of so l id  carbon in exhaust pr;ducts. 
oxygenated polyester binders and the  use of 
v d u e s  of AH.& and oxidation r a t i o s  d o s e  t o  1.0. 
type are  oxalohydroxamic acid and hydroxylanrmonium oxalate. 

These a re  the use of highly 

Two useful compounds of this 
coolant" compounds with la rge  negative 

m e  effects of varying combustion pressure over the  range of 100 t o  20,000 
p s i a  have been described. 
including the  conditions controll ing solids such as q C l  and various metall ic 
chlorides in the system have a l s o  been discussed. 

Effects  re la ted  t o  the presence of IIQ i n  the system, 

, 
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Figure 1. Effect of Oxygen Content on Flame Temperature 
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Binder 
I 

Low Oxygen Content 

375 Oxygen Content 

57% Oqgen Content 

b$ Oxygen Content 

Co,mound 

kzodica-bonmide 

C x d d e  

T a l e  I 

Reduction of Carbon Content 
of 

Combusti% Products 

1 rii ame Oxidation Wgt.$ c(" 
Temp. ( O F )  Ratio i n  Exhaus 

we;t. 5 
Oxidizer/Coolant 

7010 U86 1.15 6.45 

6010 2028 1.56 3.52 

43-5/30 a38 1.69 1-99 

37-5/36 75 1.74 1.88 

Empirical Density Oxidation A+(y 
Formula (g/cc> Ratio 

C2IILO2N4 1.68 0.5 -0.60 

C2"4021i2 1.667 c.5 -1.375- 

kmoniurn Oxalate Hydrate C2Hl0O5X2 1.50 0-  n5 -2.40 

1.85 1.0 -1.138 c2H4041'2 G d o h y d r o r d c  Acid 

,Yydroql m n  i urn 0xa.l a t  e c2%06''2 1.60 1.0 -1. a5 

Ammonium Dihydrogen Phosphate IM H PO 1.803 1- 33 -3.02 4 2  4 
Ammniun IIitrate r r 1 - 1 ~ ~ 0 ~  1 * 725 1-5 -1.09 

A-xmnium Perchlorate NH4ClO4 1-95 2.0 -0.60 
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Table XI1 

Differen t ia l  Thermal Analysis 

of Coolants 

Coolant Endotherm (OF1 Exotherm (OF) 

Oxalohydroxamic Acid None U . 0  

, Ammonium Oxdlohydroxamate None 266.0 

Hydroxylanmonium Oxalate 271.4 348.8 

Azo- d i  c a b  onamide None 372.2 

Ammnium Oxalate Hydrate 192.2 + 413.6 (dec.) None 

Table I V  

Formation and Deposition of Metallic Chlorides 

Milligrams of Loss 
Metal per 1 0  grams - 
cr 0 (1) 

N i  --- 
Fe 3.6 

T i  2.7 

zr --- 
W 

Nb 0 

Mo 0 

(1) 304 Stainless S tee l  

--- 

Fumes (OF) 

338.0 

401.0 

399.2 

451.4 

None 

Highest Melting Chloride 
Chloride Melting Point (OC) 

aa3 
NiCl.2 

F e u 2  

T i n 3  

b Q 4  

3-l-5 0 

1001 

670-674 
, 

dec. 440 

437 

w% 8 5  

NbQ5 
MoQ5 194 

2&.7 

I 
i 

J 

I 
I 

I 

I 
1 

I 

I 

i 

I 

d 
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